wave speed anomalies at the base of the Earth's mantle. We applied ellipticity corrections, accounted for mantle structure outside of the basal layer using mantle tomography models, and used finite size sensitivity kernels. The basal layer thickness was set to 290 km; however, the data allow thicknesses between 200 and 500 km. The residuals were inverted using a spherical harmonic basis set of degree 30 for a model that both is smooth and has a small Euclidean norm, which limited spectral leakage of higher-order structures into loworder wavelengths. Hotspots dominantly overlay slow wave speed regions. Nonsightings of ultralow-velocity zones (ULVZs) most frequently appear in fast regions, suggesting that slow regions at the base of the mantle are associated with ULVZs. However, ULVZ sightings appear in both slow and fast regions. Recently active subduction zones do not correlate with velocity anomalies; however, the locations of subduction zones active prior to 90 Ma correlate extremely well with fast anomalies, implying that slabs descend as fast as 2 cm yr -1 through the lower mantle. The correlation continues through the historical subduction record to 180 Ma, suggesting that slabs remain in the deep mantle at least 90 Myr. Fast anomalies reach +2%, while slow anomalies extend to -5%. If we assume that the anomalies are thermal and anharmonic in origin and apply a wave speed/thermal anomaly conversion, the temperature deviations would be over-500øK (cold) in fastest regions and over +1000øK (hot) in the slowest regions, which would initiate plumes much hotter than those observed at the surface. Alternative explanations for the large anomalies are widespread partial melt or compositional differences in the lowermost mantle.
D whole mantle model, we reduced the computational resources necessary for a single inversion such that we could efficiently run many inversions to estimate error bounds, test the effect of sensitivity kernels, and test the influence of different damping (regularization) parameters. We find that fast anomalies correlate well to older subduction zones (>90 Ma), hotspot locations correlate well to slow anomalies, recently discovered ultralow-velocity zones (ULVZs) at the base of the mantle exist in both slow and fast wave speed regions, and the magnitude of the anomalies in our model cannot be purely explained in terms of thermal structure.
Where we do not state otherwise, we inverted the data using a basal layer thickness of 290 km. We also inverted the data using different basal layer thicknesses and found that the travel time data can be satisfied by layers between 190 and 490 km thick (but not thicker). Thus while both the ScS-S and Sdiff-SKS residual times are most sensitive to structure at the base of the mantle, they cannot be assumed to image only a limited basal layer (i.e., D" or a 300-km-thick layer) but should be considered a vertical average of the base of the mantle.
ScS-S and Sdiff-SKS Travel Times
We determined shear wave propagation speeds in the deep mantle using ScS-S and Sdiff-SKS travel time residuals. most mantle [Valenzuela and Wysession, 1998 ]. First, both phases in each pair similarly sample near-source structure. Thus errors due to earthquake mislocation and local velocity structures are reduced. Second, the ScS and Sdiff phases have long path lengths in the basal layer. Finally, by combining the two data sets, we achieved near global coverage and expanded on the previous studies of Woodward and Masters [1991] , Garnero and Helmberger [1993] , Wysession et al. [1994] , Sylvander and Souriau [1996] , and Kuo and Wu [1997] .
Sdiff-SKS Travel Times
We collected the Sdiff-SKS travel time data from data sets previously picked by B. Kuo (733 points) [ The Kuo data were assembled from the Geoscope network, the Global Seismic Network (GSN), and the Global Digital Seismic Network (GDSN). All of the data were filtered to a long-period GDSN station instrument response, which peaks at 30 s periods, and they were rotated into radial and transverse components. The residual times were picked by correlating the largest waveform swing of the SKS arrival on the radial component to the corresponding swing of the Sdifr arrival on the transverse component. The picks were checked by correlating waveforms generated by reflectivity seismograms.
The Garnero data set included S and SKS readings from digital networks from 1993 to 1997, including GSN, United States National Seismic Network (USNSN), Canadian National Seismic Network (CNSN) To avoid complications from the upper mantle transition zone discontinuities, we chose data with epicentral distances >30 ø for the ScS-S and >45 ø for the sScS-sS. To avoid misidentification of the ScS and S phases, the epicentral distances were limited to under 80 ø. Finally, the sScS-sS data were selected only from earthquakes at depths > 100 km such that there was clear separation between the surface reflected and direct phases. Hemisphere data. Where the data sets overlap, such as under the northwest Pacific, the Philippines, and Africa, the agreement of the sign and magnitude of the anomalies is impressive (Figures 2b and 2d ). [Kennett et al., 1995] . Using the PREM model and hypocenters determined in the ak135 model may introduce an error, but in the context of the differential residual times, this error is insignificant. The predicted Sdiff-SKS residual travel times from PREM are roughly 0.8 s smaller than predicted from ak135 over the distance range 90 ø to 130 ø, largely due to Vp differences at the top of the outer core. This uncertainty is small compared to the observed Sdiff-SKS residual travel times, which range from -20 to +20 s.
Inversion Method
To invert the observed travel time residuals for velocity structure, we define the forward problem Here we simply designed the kernels by calculating the Fresnel volume (half period) at the dominant period for each observation using a Kirchoff method (Figure 3) . The first Fresnel volume is defined as the locus of points where the travel time from the source to that point plus the travel time from that point to the receiver minus the direct source to receiver travel time is less than half the period of the observed wave. We approximated the Fresnel zone by an ellipse [Wysession, 1996b] . The kernels decay away from the ray path as described by a Gaussian function which decays to (2e) -• of its maximum value at the first Fresnel Zone. We sought a solution that is simultaneously "smallest" (minimizing So and closest to PREM) and "smoothest" (minimizing S2) and provides an adequate fit to the data. Data misfit is measured in a least squares sense as Differences exist both in amplitude and in the distribution . of the resulting anomalies, possibly due to differences in data and damping between 3-D models. For example, the Widiyantoro model, which was developed using a heavily culled S wave data set [Engdahl et al., 1998 ], has relatively small amplitudes in the midmantle and without a basal layer To investigate the slab influence on ScS-S travel times, we defined a surface representing the slab center using seismicity [Gudmundsson and Sambridge, 1998 ]. We modeled the slab velocity anomaly as a Gaussian distributed anomaly with a 5% fast center which falls to 2.5% fast at 75 km from the center. We applied equation (9) When we inverted only the Sdiff-SKS times, the splitting corrections changed the extrema by <0.1% and the model rms by <0.01%: qualitatively insignificant. For stations for which no anisotropy corrections exist, we did not add corrections. We feel the small size of the correction justifies this omission. 3.5.2. Anisotropy at the base of the mantle. In the basal layer the SH particle motion of ScS and Sdif• is horizontal. Similarly, the SKS ray angle is steep so that its wave motion is also nearly horizontal. Therefore "radial anisotropy," may be superimposed on this. We did not attempt to invert for anisotropy.
Vertical Resolution
We first assumed that the basal layer begins at 2600 km depth and inverted for velocities in the bottom 290 km of the mantle. To test the sensitivity of these data to layer thickness, we inverted the travel times using 
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shows the results with kernels that are more similar to infinite frequency ray paths; and Plate 1 c shows the model based on very large kernels. The models based on larger kernels have less small-scale structure and yield a smaller variance reduction. The differences between the models based on the infinite frequency kernels (Plate l a) and the more realistic kernels (Plate lb) are minor. Thus for lowermost mantle models, if the data coverage is good and the shape of the sensitivity kernel is simple, such as for S waves, the inclusion of sensitivity kernels has a secondary effect. For this reason we anticipate that the differences between using our approximate kernels and the more accurate kernels of Zhao et al. [2000] are minor.
Error Calculations
We made several assumptions in this inversion. First, we assumed that the velocity anomalies do not distort ray paths. The stability of the travel times to small ray path changes (i.e., Fermat's principle) and the use of wide sensitivity kernels both justify this assumption. Second, we assumed that velocities in the basal region are vertically constant, which seems plausible given the poor vertical resolution of the data considered.
Because of the limited size of the model we were able to use a bootstrap method [Efron and Tibshirani, 1986] to test the uncertainty of the model assuming that errors in the data are independent of one another. We omitted a randomly chosen 10% of the data, performed the inversion, repeated 99 times, and found the standard deviation at each point (Figure 9a) . These error estimates account for random errors and Both the basaltic and harzburgite components of subducting slabs appear to be intrinsically less dense than primitive lower mantle [Kesson et al., 1998 ], so a slab should become positively buoyant even before it thermally equilibrates. That most slabs appear to reach the bottom of the mantle suggests that they have considerable thermal inertia. Eliminating the most extreme values, which cover only 0.3% of the area of the basal layer, the extrema would range from 2.2% fast to 4.0% slow, consistent with extrema from other mantle models which typically range from 3% fast to 4% slow. Assuming purely thermal anomalies would require temperature variations of-575øK (cold) to + 1050øK (hot).
Geodynamical modeling of plume initiation suggests that if thermal anomalies of 800øK exist at the CMB in an unlayered, homogeneous lower mantle, plumes would nucleate and arrive at the Earth's surface with an excess temperature of over 480øK, much greater than the observed 300øK excess plume temperature [Farnetani, 1997] . Therefore the observed velocity anomalies appear too large to be attributed solely to thermal anomalies. Explanations of the large wave speed extrema other than solely thermal variations include (1) large regions of material softening or partial melt in the hottest (slowest) regions, which would dramatically increase anelastic wave speed contributions [Karato, 1993] , and (2) widespread compositional anomalies. If a warm lower layer exists, such as a layer of partial melt (e.g., a ULVZ), models of thermal boundary layers in the lower mantle illustrate that it will be entrained into mantle convection unless it is stabilized by compositional density increases [Sleep, 1988; Farnetani, 1997] . Thus compositional changes, such as an enrichment in iron or silicon in the lower portion of the lower mantle, would stabilize this region. An iron enrichment in regions away from downwellings could explain the anomalously slow wave speeds. These regions, slow both from excess temperature and increased iron content, would nevertheless be stable due to increased density from the iron [van der Hilst and Kdrason, 1999].
Conclusion
We used 1671 Sdiff-sgs and 4864 ScS-S travel time residuals to invert for shear wave velocity anomalies at the bottom of Earth's mantle. We attempted to correct for all sources of travel time residuals outside of the basal layer. The fast velocities in the resulting model correlate well with older subduction, implying that slabs reach the bottom of the mantle in m90 Myr and reside there for at least another 90 Myr. Hotspots correlate well with slow anomalies, consistent with the hypothesis that they originate in the lowermost mantle, while correlations with ULVZs suggest that ULVZs exist both under slow wave speed regions and under some fast regions. The anomalies range from 2.2% fast to 5.2% slow. Using thermal/velocity scaling relationships, these anomalies are too large to be explained solely thermally; rather, there must exist alternative explanations such as partial melt or composition variations at the base of the mantle. Iron enrichment in the slow regions is an attractive candidate.
